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The hazard of ionizing radiation from internally administered colloidal
thorium dioxide (Thorotrast) has been a subject of controversy even since
this medium was first employed in clinical roentgenology. Reports of neo-
plasia as well as diffuse hepatic fibrosis occurring in patients following
Thorotrast administration have been summarized and evaluated by Thomas
et al.7 Although intravenous injection of colloidal thorium dioxide intro-
duces a highly potent source of intense alpha radiation into certain tissues
of the body, a combined histologic and radioautographic study clearly indi-
cates that the tissues are exposed to but a fraction of the total ionization
dosage and that most of the radiation energy is dissipated within the
thorium deposits themselves.
METHODS
Groups of rabbits were given Thorotrast intravenously in doses of 9, 18, and 27 cc.
and were sacrificed after 24 hours, 1, 4, and 9 months.
Hematologic studies were performed at frequent intervals during the experiment
and included blood hemoglobin concentration, red blood cell, reticulocyte, white blood
cell, and differential counts. The animals were sacrificed by nembutal anesthesia.
Tissues were fixed in absolute alcohol, 10 per cent Formalin, U.S.P. and Zenker's
fluid with 5 per cent acetic acid. Histologic sections were stained routinely with hema-
toxylin and phloxine and with Mallory's aniline blue and in certain instances by the
periodic acid-Shiff and Feulgen methods. Representative sections of all major organs
were studied although emphasis was placed on liver, spleen, and bone marrow.
The method of radioautography employed in this study has been described in detail
elsewhere.6 The fully processed histologic preparation is brought into direct contact
with a nuclear emulsion plate. Following the radioautographic exposure (68 to 72
hours), the combined preparation is exposed briefly to a source of visible light so that
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the pattern of various clear spaces in the histologic preparation is printed on the
photographic emulsion. This pattern is utilized for subsequent alignment of tissue
section and radioautograph. The method permits accurate localization of alpha radi-
ating deposits and careful histologic search for radiation damage to nearby cells.
OBSERVATIONS
All rabbits gained weight and appeared healthy throughout the experi-
mental period.
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CHART 1.
The significant hematologic observations in the rabbits maintained for
four and nine months following injection are summarized in Charts 1 and
2. All rabbits showed a distinct tendency toward a macrocytic anemia. The
blood hemoglobin concentration diminished only slightly but there was a
marked drop in total red blood cell count. No significant changes were
noted in reticulocyte counts or in leukocyte and differential counts.
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Histologic studies showed rapid phagocytosis of Thorotrast by cells of
the reticuloendothelial system, particularly in liver, spleen, and bone mar-
row. Phagocytosis appeared to be virtually complete after 24 hours.
Deposits were also present to a lesser degree in organs such as adrenals,
lungs, kidneys, gastrointestinal tract, and lymph nodes. Only rare instances
of extracellular tissue deposition were encountered and these deposits were
minute in size. When studied with the Mallory aniline blue method, the
BLOOD HEMOGLOBIN AND MICH. OF RABlTS RECEMNG THOROTRAST
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CHART 2.
deposits took a faint bluish stain in the tissues of the rabbit sacrificed 24
hours after injection but stained deep blue in animals maintained for one
month or longer.
The most striking morphologic observation was the accumulation of
Thorotrast in progressively larger masses during the period of the experi-
ment. This progressive enlargement appeared to be due first to enlargement
of individual reticuloendothelial cells followed later by the formation of
large reticuloendothelial giant cells. This change in the size of the reticulo-
endothelial deposits is illustrated in Figures 1, 2, and 3. Although evident
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in liver, the change was more prominent in the bone marrow and the
spleen. In the latter, tremendous conglomerate deposits formed.
The large deposits of Thorotrast appeared to be quite bland. Occasional
disintegration of reticuloendothelial cells was noted, particularly in the
liver. This degeneration was associated with slight lymphocytic infiltration
but appeared to heal without scarring.
The organs examined at the end of nine months showed few changes
other than the large deposits of thorium dioxide. The bone marrow ap-
peared normally cellular. The architectural pattern of the liver was well
maintained and there was no evidence of significant fibrosis. The tre-
mendous deposits in the spleen made evaluation of fibrosis difficult but this
appeared to be at most minimal. With a single exception (vide infra)
there were no abnormal findings in other organs that contained less
thorium. No instances of neoplasia were encountered in any of the material
studied.
Radioautographs permitted localization of the most active deposits of
thorium and careful study of nearby cells for evidence of radiation injury.
Figure 4 shows a section of bone marrow together with its radioautograph.
The alpha tracks seen in the autograph can be localized in the group of
Thorotrast-laden cells in the lower portion of the photomicrograph. It is
apparent that the energy of the alpha particles is being released largely
within the thorium deposits and that little, if any, is reaching the surround-
ing hematopoietic tissue. Figure 5 shows a section of liver and its radio-
autograph. A source of intense alpha radiation, a "star center," is seen in
the radioautograph and can be localized in a Kupffer cell of the liver. Most
of the emanations of thorium appear as scattered single tracks. Foci of
intense activity such as shown here are an only occasional finding but pro-
vide an unusual opportunity to search for cellular injury. The liver cells
surrounding the active deposit in Figure 5 show no evidence of injury. All
similar star centers encountered were subjected to detailed histologic study.
In the vast majority of instances, the radioautographic studies suggested
that the peak of ionization dosage was dissipated in the large thorium
masses themselves and that only a small proportion of the total dosage
reached the surrounding cells. In only one instance, to be reported,2 did
we observe injury to a single intestinal mucosal cell adjacent to a star
center of alpha radiation. It is significant that this solitary example of cell
damage was in relation to a minute extracellular thorium deposit rather
than one of the large reticuloendothelial deposits.
The alpha activity in the various organs was determined from track
counts of the radioautographs. Chart 3 shows the alpha dosage rates ex-
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pressed in roentgens equivalent physical per day for spleen, bone marrow,
and liver. Chart 4 shows the total dosage released in these organs during
the indicated experimental periods.
DISCUSSION
Thorium is primarily an alpha emitter. The thorium disintegration series
includes six alpha emitters and four beta emitters, but the total energy of
the alpha emitters is more than 10 times that of beta emitters.! The specific
ionization, i.e., the energy dissipation per unit path length, is much higher
CHART 3. ALPHA DOSAGE RATE ExPRESSED IN R. E. P. PER DAY
Thorotrast
dose Time after injection
cc. Organ 1 day 1 month 4 months 9 months
9 Spleen 5.3 4.9 2.6 3.6
9 Marrow 0.67 0.55 0.41 0.70
9 Liver 0.54 ... 0.23 0.43
18 Spleen 4.0 3.1 10.1
18 Marrow 1.1 0.51 0.60
18 Liver 1.8 0.60 0.43
27 Spleen 7.7 8.7 9.0
27 Marrow 1.6 2.3 2.3
27 Liver 1.2 0.67 1.3
for alpha than beta particles, resulting in a greater effectiveness of alpha
radiation per dissipated unit of energy. The beta rays, due to their longer
range, spread their energy over a much larger tissue volume. It is apparent
that the radiation effect from incorporated thorium and its decay products
centers almost exclusively in the alpha component. A single intravenous
injection of Thorotrast (colloidal thorium dioxide) introduces into the
body a significant quantity of alpha active matter.* An injection of 50 cc.
to a human subject incorporates an activity of 3.6 microcurie. This is 36
times the maximum permissible amount of radium fixed in the body as
defined in the International Recommendations.8
* Thorotrast is stated to contain 24 to 26 per cent thorium dioxide by volume. Since
the density of thorium dioxide is 9.7, the density of the solution should be about 3.0.
We have carefully checked the density of Thorotrast and find it to be 1.31, indicating
a concentration of thorium dioxide of only 3.6 per cent. This figure has been checked
by measuring the alpha radiation from thin films of the solution by track count in
nuclear emulsion. The activity was found to be 7.3 X 10' microcurie per cc. of
Thorotrast. This figure is probably 20 per cent low because we did not achieve full
4w geometry.
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Our morphologic observations indicate that the deposits of thorium
dioxide are in virtually all instances quite bland. Thorium accumulated in
progressively larger deposits during the nine months' experimental period.
Although the reticuloendothelial cells containing the deposits occasionally
appeared to degenerate, this was associated with only slight inflammation
and repair occurred without fibrosis. Nine months after injection, the
organs revealed no architectural derangement or significant fibrosis, and
no instances of neoplasia or cellular atypism were seen. Although distinct
tumors have been produced experimentally in animals by injection of
CHART 4. TOTAL ALPHA DOSAGE IN R. E. P. FROM INJECTION TO
TIME OF SACRIFICE
Thorotrast
dose Time after injection
cc. Organ 1 day 1 month 4 months 9 months
9 Spleen 5.3 147 307 1086
9 Marrow 0.67 16 50 209
9 Liver 0.54 ... 28 128
18 Spleen 119 368 3024
18 Marrow 32 61 180
18 Liver 53 71 128
27 Spleen 230 1045 2700
27 Marrow 48 270 702
27 Liver 35 81 396
Thorotrast,' it is of interest that this has been accomplished only with
extravascular injection where a highly effective tissue dosage of alpha
radiation can be applied at a local site. We found only a single isolated
example of cell injury related to thorium deposition, and in this instance,
the deposit was minute in size and extracellular in location.2
It is apparent that there is a major inconsistency between the total dosage
of alpha radiation shown in Chart 4 and the lack of morphologic evidence of
radiation injury that would be expected with the application of such heavy
dosage to the body cells. The key to this discrepancy lies in the size of the
thorium deposits. The large deposits limit the effectiveness of alpha radia-
tion, and their progressive enlargement during the nine-month period
results in a progressive decrease in effective radiation.
The tissue ranges of alpha particles emitted by the thorium series vary
between 35 and 113 micra. By virtue of its density, thorium itself would
have a "stopping" effect greater than that of tissue. If we assume that the
intracellular deposits consist of thorium dioxide plus protective colloid, we
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obtain a specific gravity for these deposits of 2.25. This would mean that
the range of the alpha particles in the deposits proper would be 76 per cent
of that in tissue. Preliminary electron microscope observations of Thoro-
trast deposits, however, suggest that thorium may comprise one-half of the
deposits. If this is the case, the range of the alpha particles within the
deposits would be considerably less.
The size of the Thorotrast deposits indicates that a large part of the total
alpha energy is dissipated in the material of the deposits and is conse-
< EFFECTIVE ALPHA DOSAGE FROM SPHERICAL DEPOSITS OF
COLLOIDAL THORIUM DIOXIDE
X (ESTIMATED FROM GEOMETRIC INTEGRATION)
"a. c
c4 k
RADIUS OF DEPOSIT IN MULTIPLES OF RANGE
OF ALPHA PARTICLE
CHART 5.
quently lost for actual tissue dosage. If one assumes a spherical shape for
the deposits and takes into consideration the ranges of the various alpha
particles, one can calculate by geometric integration the fraction of the
alpha dosage that is administered to the surrounding tissue. Chart 5 shows
the results of this calculation. It is obvious that for a deposit of diameter
zero (molecular dispersion of active substance) the full dosage is dissipated
in tissue. For an infinitely larger deposit, the effective dosage contribution
from the thin surface layer is negligible when compared to total dosage so
that the curve must approach zero utilization. For convenience, the radius
of the deposits is plotted in multiples of the range of the alpha particles.
The deposits of thorium in the Kupffer cells of the liver are roughly
spherical. From the size of the deposits, we have estimated that 70 per cent
of the total dosage of alpha activity in the liver is effective as tissue dosage.
In bone marrow, the mean radius of the deposits indicates as little as 24
438
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per cent effective component of the total dosage administered. The deposits
in the spleen are nonspherical and highly irregular, but we have estimated
effective tissue dosages of 15, 8, and 5 per cent for the rabbits sacrificed
nine months after receiving 9, 18, and 27 cc. of Thorotrast.
Chart 6 shows the effective tissue dosages in roentgens equivalent physi-
cal applied during the experimental periods. These figures were determined
by applying the principles outlined above to the total dosages shown in
Chart 4. The effective tissue dosages are still of considerable magnitude and
CHART 6. CALCULATED TOTAL EFFECTIVE TISSUE DOSAGE (ALPHA) IN
R. E. P. FROM INJECTION TO TIME OF SACRIFICE
Thorotrast
dose Time after injection
cc. Organ 1 day 1 month 4 months 9 months
9 Spleen .80 22 46 163
9 Marrow .37 8.8 28 115
9 Liver .38 ... 20 90
18 Spleen 9.5 29 242
18 Marrow 11 21 61
18 Liver 37 50 90
27 Spleen 12 52 135
27 Marrow 10 54 140
27 Liver 25 57 278
suggest that a more prolonged experiment might reveal morphologic
evidence of significant radiation injury.
The macrocytic anemia shown by all of the rabbits maintained four or
nine months after injection is difficult to interpret. Similar changes in
hematologic pattern have been described previously. Reeves and Stuck'
gave doses of Thorotrast of 40 cc. per kilo to rabbits and observed an
erythroblastic anemia without reticulocytosis. They considered this anemia
consistent with changes related to the presence of a colloidal substance in
the bone marrow rather than due to its radioactivity.
SUMMARY
Colloidal thorium dioxide (Thorotrast), administered intravenously to
rabbits, accumulated in progressively larger deposits in reticuloendothelial
cells, principally in the liver, spleen, and bone marrow. These deposits
appeared to be quite bland and no evidence of hepatic fibrosis or instances
of neoplasia were observed nine months after injection. Radioautographic
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studies indicated that a significant proportion of the energy of alpha radia-
tion released during the experimental period was dissipated within the
thorium deposits themselves and was ineffective for tissue dosage.
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